We present an extension of some popular hindered rotor ͑HR͒ models, namely, the one-dimensional HR ͑1DHR͒ and the degenerated two-dimensional HR ͑d2DHR͒ models, allowing for a simple and accurate treatment of internal rotations. This extension, based on the use of a variable kinetic function in the Hamiltonian instead of a constant reduced moment of inertia, is extremely suitable in the case of rocking/wagging motions involved in dissociation or atom transfer reactions. The variable kinetic function is first introduced in the framework of a classical 1DHR model. Then, an effective temperature and potential dependent constant is proposed in the cases of quantum 1DHR and classical d2DHR models. These methods are finally applied to the atom transfer reaction SiCl 3 + BCl 3 → SiCl 4 + BCl 2 . We show, for this particular case, that a proper accounting of internal rotations greatly improves the accuracy of thermodynamic and kinetic predictions. Moreover, our results confirm ͑i͒ that using a suitably defined kinetic function appears to be very adapted to such problems; ͑ii͒ that the separability assumption of independent rotations seems justified; and ͑iii͒ that a quantum mechanical treatment is not a substantial improvement with respect to a classical one.
I. INTRODUCTION
Quantum chemical methods, as implemented in many commercial software packages, 1,2 allow nowadays for a routine calculation of many properties of molecules. Among them, thermodynamic and kinetic data are crucial for the understanding and the prediction of chemical reactions. A reliable prediction of such properties requires tackling two main issues. First, it is necessary to calculate accurate molecular energies at least at some specific geometries defining the minima ͑stable states͒ and saddle points ͓transition states ͑TS͔͒ on the potential energy surface ͑PES͒; ab initio methods are known to be very adapted to this issue. A second issue arises when one wishes to compute temperature dependent properties ͑entropy, heat capacity, reaction rate͒ for which densities of states ͑DOS͒ and/or partition functions need to be computed. This is usually achieved using the simple harmonic-oscillator ͑HO͒ approximation. Indeed, most of the 3N-6 ͑or 3N-5 for linear molecules͒ internal vibrations are very well described under this approximation. However, it has been shown long ago that it fails when low frequency motions are involved. 3, 4 These problematic internal rotations are generally torsional movements ͑i.e., rotation of two molecular tops around a single bond͒ as well as flexural ͑bending͒ motions. It has been shown that a specific treatment of torsional degrees of freedom can greatly improve the accuracy of thermodynamic predictions. [4] [5] [6] The one-dimensional hindered rotor ͑1DHR͒ model introduced by Pitzer et al., 3, 7 and described recently in a global frame by Pfaendtner et al., 5 is a simple and convenient way to compute the DOS associated to internal rotations. This model considers individual and uncoupled rotations for which an effective 1D Hamiltonian is constructed. The treatment applies to any molecule, which can be regarded as a rigid frame with attached symmetrical tops, or in other words, any molecule whose moments of inertia for overall rotation do not depend on the value of the angle defining the internal rotation. 3 This assumption leads to the following effective Hamiltonian:
where I red is the reduced moment of inertia and V͑͒ is the hindering potential defining the variation of the potential energy with the rotation angle . V͑͒ is usually computed using ab initio calculations at discrete values of and fitted with an analytical form. Most of the time, relaxed geometry optimizations are performed to partially account for the coupling with other modes. The calculation of the reduced moment of inertia ͑introduced by Herschbach et al. 8 and summarized by East and Radom 6 ͒ takes into account the coupling between internal and external rotations. Finally the eigenvalues ͑ i ͒ of the Hamiltonian ͓Eq. ͑1͔͒ are obtained using the one-dimensional Fourier grid Hamiltonian ͑FGH1D͒ algorithm [9] [10] [11] and the partition function ͓Q rot 1D in Eq. ͑2͔͒ is evaluated through direct counting
where rot is the rotational symmetry number of the internal rotation and k B is Boltzmann's constant. One of the main drawbacks of the 1DHR model is that it does not take into account the coupling between internal rotations and other motions, although part of this coupling is taken into account through relaxed optimization. This may sacrifice accuracy in the case of highly coupled rotations [12] [13] [14] and some authors have performed coupled n-DHR calculations. 13, [15] [16] [17] However, such a treatment requires the costly calculation of a multidimensional PES. Another approach which takes into account the coupling with other modes is the extended HR model of Vansteenkiste et al. 16 Nevertheless, these authors have shown that in most cases torsional motions are correctly treated under the uncoupled 1DHR model. The second limitation of 1DHR arises from the assumption of a rigid frame model with attached symmetrical tops, leading to a constant kinetic function in the effective 1D Hamiltonian ͓represented in Eq. ͑1͒ by the constant value I red of the reduced moment of inertia͔. If this is generally a good approximation for torsional motions ͑but not always, as shown by Gang et al. 12 ͒, internal flexural motions do not necessarily fall in that case. Rocking/wagging motions frequently play an important role in dissociation reactions and an accurate treatment of their evolution along the minimum energy path ͑MEP͒ is necessary to properly identify the usually loose TS associated to these reactions. This is the price to pay for a good prediction of dissociation reaction rates. [18] [19] [20] Indeed, when considering the dissociation of two nonlinear fragments, six internal transitory motions are evidenced. The one associated to the reaction coordinate has not to be taken into account as it defines the dividing surface. In the variational reaction coordinate framework, 21 the other five transitional motions correspond to internal rotations of the two fragments around two pivot points p A and p B attached, respectively, to fragments A and B. The conserved modes are treated separately and an effective Hamiltonian is defined as a function of the value of the reaction coordinate s on the MEP and of p A and p B . Particularly, in this model, internal transitional modes are coupled with the three global rotations to account for the Coriolis effect. The Hamiltonian at the dividing surface can thus be written as
where H cons is the part of the Hamiltonian associated to the conserved modes ͑conserved internal vibrations of the two fragments and global translations͒ and H p A ;p B 5D+rot is the Hamiltonian of the transitional modes. In general H cons is taken under the approximation of harmonic vibrations for A and B moieties. The identification of s, p A , and p B is achieved by minimizing the rate constant with respect to these variables. In that formalism the pivots are usually close to chemical bond centers for rigid TS ͓resulting in dividing surfaces similar to those used in transition state theory 22, 23 ͑TST͔͒ while they tend to be located on the centers of masses of the two fragments for flexible TS ͓as postulated in the original flexible TST ͑Refs. 24 and 25͔͒. Because this multidimensional treatment needs a multidimensional ͑five-dimensional in the general case͒ PES, H 5D+rot is often separated into independent components. A usual approach, which has shown good accuracy in most cases, is to cast it in terms of an overall rotation ͑the effect is rigorously studied in the work of Harms and Wyatt 26 ͒, a 1D torsional motion and two twodimensional ͑2D͒ rotations. 20, [27] [28] [29] In this case, Eq. ͑3͒ is rewritten as
where H X,p X 2D is the bending movements of fragment X around the pivot point p X . Rocking/wagging motions can also be involved in some important classes of bimolecular reactions, like for instance atom transfer reactions. 30, 31 In that case, the TS, generally well located by a saddle point on the PES, involve forming/ breaking chemical bonds, associated to three hindered rotations ͑one torsion and two bending motions͒. As a consequence, the atom transferred from one fragment to the other naturally acts as the pivot point. Then, a simple formulation for the Hamiltonian is given by
The partition function associated to the 2D rocking/wagging Hamiltonians ͑H 2D ͒ is computed using two main approaches: ͑i͒ an uncoupled model; [32] [33] [34] and ͑ii͒ a coupled degenerated model. 29, 35 In the first case, the most widely used approach 30, 34 is the one introduced by Benson 20 and is based on the HO approximation. The separability assumption then allows to write the partition function as
where w and r are the corresponding frequencies of the wagging and rocking motions. However, this formulation diverges when the frequencies i tend to zero ͑free rotation͒ so that it can only be applied at small separations. The analytical variational TST study of the recombination reaction of two methyl radicals by Pacey 34 suggests that using Eq. ͑6͒ induces an error on the reaction rate at low temperatures. He proposes to better take into account the "real" potential energy landscape associated to these motions. In other words, some kind of 1DHR treatment would be more appropriate.
The second approach for treating wagging/rocking motions is to suppose a 2D degenerated symmetric tops model as proposed by Pacey 27 and Jordan et al. 36 in the case of a degenerated rotor. Considering the triatomic system of Fig.  1 , an atom A rotating around the center of mass O of the diatomic B -B, the following Hamiltonian at a fixed value of the distance R between A and O ͑see the caption of Fig. 1 27 Jordan et al. 36 have presented a 2D classical Hamiltonian for a degenerated rotor able to deal with arbitrary potential forms
where p and p are the conjugate angular momenta of the Euler angles and and I is the moment of inertia of an assumed symmetric top rotation. The related partition function is then obtained using the DOS defined by
where max ͑E͒ is the maximum angle allowed in the range ͓0:180°͔ at energy E. They supposed that the Hamiltonian of Eq. ͑9͒ can properly describe the 2D rocking motions occurring in a dissociation reaction. However, this approach is very questionable with respect to the way the kinetic function I is calculated. First, as in the work of Pacey, 27 the kinetic function is defined by a constant moment of inertia. Second, while in the work of Pacey this constant is obtained using all geometric parameters of the system ͓see Eq. ͑8͔͒, it is here assumed to be the moment of inertia of each fragment around its own pivot point. This formulation of I is clearly unadapted because the moment of inertia of the rotor has to depend on the two fragments, as shown in Eq. ͑8͒.
We propose in this paper a generalization of the 1D ͓Eq. ͑1͔͒ and 2D ͓Eq. ͑9͔͒ Hamiltonians in which the moment of inertia is replaced by an angle-dependent kinetic function. This kind of function has been presented for multidimensional fully coupled studies 4, 15, 21, 39 but usually leads to complex expressions that are most of the time system-specific. Instead, we provide here a numerical, simple, and general way to compute the kinetic function in the approximation of a rigid rotor. The method takes into account all the relevant parameters: ͑i͒ fragments geometries, ͑ii͒ pivot points location, and ͑iii͒ direction of rotation. Then, different approaches are presented in order to solve the Hamiltonians which can be ͑i͒ 1D classical, ͑ii͒ 1D quantum, or ͑iii͒ 2D degenerated classical. In particular, we propose a new way to compute an effective potential and a temperature dependent moment of inertia, allowing the direct use of some of the procedures reported in previous works but in a more general scheme. These methods are finally applied to study the atom transfer reaction SiCl 3 + BCl 3 → SiCl 4 + BCl 2 , providing a good support to the discussion.
II. METHODS

A. Extending the unidimensional HR model
To describe our generalization of the HR models we first consider the general case of a 1D internal rotation as the relative rotation of two molecular fragments around a rotation axis. Invoking the Lagrange-Hamilton formalism, the Hamiltonian of this movement is
where is the rotation angle, p =−iប͑‫ץ‬ / ‫ץ‬ 2 ͒ ͑in the quantum formalism͒, V͑͒ is the rotational hindrance potential, and f͑͒ is the kinetic function defined by
in which R i and m i are, respectively, the position and mass of atom i. Comparing Eqs. ͑1͒ and ͑11͒ we easily recognize that the 1DHR model is a specific situation of constant kinetic function.
We present now a simple way to compute f͑͒ within a rigid-rotor approximation, assuming that the overall rotation and translation are not coupled to the internal motions. As a consequence, both the linear and angular momenta are held fixed to zero. The calculation of this function is illustrated Fig. 2 . The general case of an internal rotation is schematized ͑a͒ Initial geometry representing the FF ͑black filled circle͒, the pivot point p ͑black filled diamond͒, the rotation axis v ͑perpendicular to the vertical plane͒, and the MF ͑empty black circle͒; ͑b͒ geometry obtained after a rotation of ⌬ of the MF ͑black: current geometry, gray: initial geometry͒; ͑c͒ geometry after cancellation of the global translation; ͑d͒ geometry after cancellation of the global rotation. Fig. 2͑a͒ . The molecule is divided into two counterparts: a fixed fragment ͑FF͒ associated to a pivot point p and to a rotation axis v around which rotates a mobile fragment ͑MF͒. The relative atomic positions R i rel after a rotation of angle ⌬, illustrated Fig. 2͑b͒ , are given by
where P is a relative rotation operator M rel ͑⌬ , p , v͒ if atom i MF and P = Id otherwise. In this equation, the R i 0 are the initial atomic coordinates corresponding to the rotation angle 0 . Such a rotation always leads to nonzero linear and angular momenta, an error that has to be corrected using both an overall translation and an overall rotation. The overall translation is a trivial center of mass correction and an intermediate geometry ͓Fig. 2͑c͔͒ verifying P tot = 0 is obtained through
where G X is the center of mass of geometry R i X . As the overall rotation takes place in the same plane as the internal rotation of Eq. ͑13͒, the cancellation rotation axis is thus parallel to ͑v͒. Also, it has to pass through the center of mass G 0 = G P tot =0 in order for the latter to be conserved. The overall rotation angle ⌬␣ opt is thus the one able to cancel the angular momentum with respect to the initial geometry
where M all is the overall rotation matrix ͑symbolϫ stands for a vector cross product͒. ⌬␣ opt is numerically determined by minimizing dJ in ͓−⌬ ; ⌬͔, as pictured on Fig. 2͑d͒ , and the final atomic positions R i f after cancellation of linear and angular momenta are given by
The kinetic function at 0 can thus be evaluated using finite differences through
and the kinetic function f͑͒ is constructed step by step by setting ͑R i 0 ͑ 0 ͒͒ k+1 = ͑R i f ͑ 0 + ⌬͒͒ k where k is the step number. This having no computational cost, as many steps as required can be achieved.
The simple procedure presented here can be compared to the approach published some years ago by Katzer and Sax. 40 These authors also used a numerical method, based on a discrete set of geometries along the rotation path, to determine the moment of inertia associated to a free pseudorotation. Our approach has the advantage of allowing the determination of variable kinetic functions, often required to treat hindered rotations. Also, it can be extended to non rigid rotation as is the case of the Katzer and Sax method.
B. Solving the Hamiltonian in classical and quantum formulations
At that point, we have at hand a much more accurate definition of the kinetic function than previously used in the 1DHR model. The calculation of the classical DOS and partition function are realized through direct numerical integration
The classical calculation of the DOS is known to be sufficiently accurate to treat weakly hindered motions. However, a quantum resolution might be more suitable in other cases and especially at low temperatures. In order to easily solve Eq. ͑11͒ using the FGH1D algorithm in the quantum formalism, a constant kinetic function is required. In that purpose, we define here an effective, temperature dependent, moment of inertia ͑I eff ͒ as
where
captures the influence of the temperature on the occupancy of different values of and so on different values of f͑͒, in close similarity with a Maxwell-Boltzmann averaging. Indeed, Z͑T͒ is simply defined as
Although some explicit dependence is lost during the definition of this effective kinetic constant, we will show in Sec. III C 2 that this approximation is extremely reasonable by comparing classical entropies obtained using either the real kinetic function f͑͒ or the effective one I eff . Using the definition of I eff ͑T͒ we can thus write a temperature effective 1DHR quantum Hamiltonian as
The determination of the temperature dependent eigenvalues ͑ i eff ͑T͒͒ can thus be achieved using the FGH1D algorithm. This also allows us to obtain the temperature effective DOS given by
where ␦͑x͒ =1 if x ͓−dE / 2;dE / 2͔ and ␦͑x͒ = 0 otherwise.
The corresponding partition function is given by
In what follows, the generalized 1DHR model with an explicit variable kinetic function in the classical formalism will be noted "1DC," the model with the effective constant in the classical formalism "1DCe," and the model with the effective constant in the quantum formalism "1DQ."
C. Extension to a degenerated 2D rotor
Similarly to the way we have extended the 1DHR method to the case of nonconstant kinetic functions, we naturally generalize the expression of the 2D degenerated hindered rotor model of Jordan et al. 36 where i min ͑E͒ and i max ͑E͒ are, respectively, the minimum and maximum values of accessible around the ith minimum at a given energy E ͑ rot is the rotational symmetry number͒. The partition function is thus given by a direct integration of the DOS over the energy
In analogy to the 1DC and 1DQ notations, we will refer to this generalized degenerated 2D hindered rotor model as the "2DC" model.
III. APPLICATION TO THE REACTION SiCl 3 + BCl 3 \ SiCl 4 + BCl 2
A. Computationnal details
All quantum chemical calculations are carried out using the GAUSSIAN 03 package. 1 This includes geometry optimization of reactants, products, and transition state, achieved at the B3LYP/6-31g͑d͒ level of theory. Vibrational frequencies and zero point energies ͑ZPE͒ are also calculated using this method. The usual scaling factor of 0.96 is applied to the ZPE. Single point energies ͑reactants, products, and TS͒ are refined using the G3B3 ͑Ref. 41͒ method, known to provide accurate electronic energies, generally within 2 kcal/mol. 42 The hindering potentials V͑͒ obtained from geometry optimizations ͑actually, TS optimizations as proposed by Pfaendtner et al. 5 ͒ at discrete values of the angle , are calculated at the B3LYP/6-31g͑d,p͒ level of theory. The resulting energy profiles are fitted with polynomials for the wagging and rocking potentials, while the torsional motion is considered as a free rotation. Kinetic functions f͑͒ are obtained for each internal motion using the method described in Sec. II A, and fitted with analytical Fourier expressions. The temperature dependent moments of inertia I eff ͑T͒ are directly computed through the numerical integration of Eq. ͑20͒. The FGH1D resolutions of Eq. ͑23͒ are achieved using 501 basis functions.
B. PES and TS
The energy barriers of the reaction are 22.3 kcal/mol in the forward direction and 14.0 kcal/mol in the reverse direction. The transition state, illustrated on Fig. 3 In what follows, we first give an uncoupled 1D treatment of these three internal rotations using the new 1DC, 1DCe, and 1DQ methods. To do so, we consider the reference geometry illustrated Fig. 4͑a͒ . This geometry is obtained by a rotation of 25.4°of the angle from the TS such that =0. Indeed, as we consider the three rotations to be independent from each other, there should not be any coupling between this wagging in the vertical plane and the rocking and torsion modes. This geometry, with aligned Si-Cl ‫ء‬ -B atoms, also simplifies considerably the study of these modes. Furthermore, this reference TS ͑RTS͒ of Fig. 4͑a͒ having slightly weaker vibrational frequencies, and considering the very low energy difference with the actual TS ͑Ϸ0.4 kcal/mol͒, its free energy should be lower than the one of the real TS when temperature rises. It thus probably provides a better reference point to define the torsional and rocking motions under the assumption of independent modes. In this uncoupled 1D treatment, the wagging motion is thus defined by the variation of in the vertical ͑V͒ plane, the rocking by the variation of ␣ in the horizontal ͑H͒ plane and the torsion by the variation of the previously introduced angle. In order to give an account for the coupling between wagging and rocking modes, we also treat them in a second step using the proposed 2DC method. In that case, the two relevant rotation angles, defined in the Hamiltonian of Eq. ͑26͒, are shown Fig. 4͑b͒ .
C. Treatment of the internal rotations
Torsional motion
The hindrance potential associated to the torsion is given in Fig. 5 . As can be seen on this figure, all energy barriers are lower than 0.004 kcal/mol. This motion can thus be considered as a free rotation. In the 1DHR model, the kinetic function is assumed to be a constant, identified as the reduced moment of inertia defined in the work of Herschbach et al. 8 All the I ij ͑i =2,3; j =1,2,3͒ give almost the same value of 418.7 amu bohr 2 . The numerical method proposed in Sec. II A gives a constant and similar value of the kinetic function: 418.9 amu bohr 2 ; whatever the value of is. As a consequence, the 1DHR and 1DQ treatments are identical. We plot on Fig. 6 the entropies and partition functions of this torsional mode obtained within 1DQ and harmonic treatments. The torsional density of states and the partition function in the 1DQ model have been computed according to Eq. ͑25͒ with rot = 6. We observe a dramatic overestimation of both the entropy and partition function when the HO approximation is used. This is not surprising for such a poorly hindered motion.
Separable wagging and rocking motions
The potentials associated to the wagging and rocking motions are presented on Fig. 7 . They are obtained from relaxed TS optimizations, constraining the vertical ͑resp. horizontal͒ mirror symmetry, at discrete values of ͑resp. ␣͒, for, respectively, the wagging and rocking motions. As can be seen on this figure, the rocking hindering potential has a single minimum and seems rather compatible with a HO treatment. On the opposite, the wagging motion exhibits two minima ͑around Ϯ30°͒ separated by a weak maximum at the RTS geometry ͑ =0͒. For this particular motion, the harmonic approximation should definitely be overtaken.
We plot on Fig. 8 the numerical kinetic functions of the independent wagging and rocking motions. During these calculations, only the internal degrees of freedom associated to these motions, namely, the angles and ␣ for, respectively, the wagging and rocking motions are allowed to vary. Note that some test calculations with other values of the B -Cl ‫ء‬ or Si-Cl ‫ء‬ distances have shown to have no effect on the kinetic
Reference geometries used in the uncoupled ͑a͒ 1DC-1DQ and ͑b͒ 2DC treatments of internal rotations. ͑a͒ The independent torsion, wagging, and rocking are, respectively, defined by angles , , and ␣; ͑b͒ the torsion is defined by the angle and the coupled wagging and rocking are defined by the Euler angles and . ͑labels H and V stand, respectively, for the horizontal and vertical planes͒. functions. As we can see, in contrast to the torsional motion, the variation observed on the kinetic functions with respect to the rotation angles are large ͑from 1 to Ϸ4͒. Combining kinetic and potential functions according to Eq. ͑20͒ allows us to determine an effective, temperature dependent, moment of inertia for each of these two motions, shown on Fig. 9 . As we can see on this figure, I eff slightly increases from 445 to 500 amu bohr 2 for the wagging and from 560 to 595 amu bohr 2 for the rocking when the temperature goes from 0 to 1500 K. This is explained by the fact that when temperature rises, configurations out of the energy minima, associated to higher kinetic functions, are becoming more populated.
We now show on Fig. 10 the entropies obtained for the two motions within the different 1D approximations: HO, 1DQ, 1DCe, and 1DC. The corresponding partition functions are also displayed as an inset to Fig. 10 . We see immediately that all the 1DHR approaches show an almost perfect agreement whatever the temperature is. A similar agreement is observed on the partition functions although some slight deviations can be seen between the different models. Nevertheless, the excellent agreement between the exact classical ͑1DC͒ and effective classical ͑1DCe͒ entropies and partition functions validates the use of an effective kinetic constant, at least in the case presented here. Moreover, the good agreement between the effective classical ͑1DCe͒ and effective quantum ͑1DQ͒ results shows that the classical approximation performs well for this system; this might not be the case for systems involving lower kinetic functions. We compare now the 1DQ and HO treatments. Although the differences observed on the entropies given by these two models never exceed 1 cal/mol/K in the range of 50-1500 K, some points need to be noted. For the rocking motion, the two approaches are in excellent agreement at low temperatures ͑both for the entropy and the partition function͒: this is not surprising because of the almost harmonic shape of the potential close to its minimum. When temperature rises, the difference in entropy increases, and at 1400 K, the HO model overestimates the rocking entropy by around 0.6 cal/mol/K with respect to the 1DQ model. Looking now at the wagging entropy, we see Fig. 10 that at 50 K, the HO model shows values lower by 1 cal/mol/K than the 1DQ model. However, the two entropies evolve rather differently with temperature, and at 1400 K the situation is inverted: the entropy is around 0.6 cal/mol/K lower for 1DQ than for HO. The different evolutions with temperature observed for these two models can probably be explained with simple arguments. On one hand, the HO model considers a unique wagging potential well, which induces an underestimation of the entropy at low temperatures. On the other hand, at higher temperatures, the HO model is unable to deal with a complex potential form such as the wagging potential of Fig. 7 . The fact that the wagging entropy predicted by the HO model is within 1 cal/mol/K of the one obtained by the 1DQ model in the investigated temperature range is thus due to a compensation of errors.
Coupled rocking and wagging motions
In order to assess the separability of the wagging and rocking motions, we now present a coupled approach based on the 2DC model presented Sec. II C. In this case, the movement is described using the rotation angles and as defined in Fig. 4͑b͒ . Because this treatment ͓based on the Hamiltonian of Eq. ͑26͔͒ can only deal with a degenerated 2D rotor defined by 1D potential V ͑͒ and kinetic f ͑͒ functions, we have to choose a value of at which these functions are determined. In what follows, we apply this approach to the two limiting cases of doubly degenerated wagging ͑noted 2DC w ͒ and rocking ͑noted 2DC r ͒ motions defined, respectively, by = 0 and = 90°. We plot on Fig. 11 the entropies obtained with these two models ͑full symbols͒ and compare them to those obtained by taking twice the separable wagging ͑1DQ w ͒ and rocking ͑1DQ r ͒ entropies. First, Fig. 11 shows that choosing a given motion to be treated with the 2DC formalism has a non-negligible influence on the obtained entropy ͑and partition function͒. Indeed, treating the internal rotations with the degenerated 2D wagging ͑2DC w ͒ leads to a substantially higher entropy than what is obtained with a degenerated 2D rocking ͑2DC r ͒. The difference is Ϸ2 cal/mol/K at low temperatures and decreases to Ϸ1 cal/mol/K at 1400 K. Second, the comparison of these 2DC entropies with twice the 1DQ entropies of the corresponding 1D motions allows us to assess the separability hypothesis of degenerated 2D wagging and rocking motions. Indeed, as can be seen on Fig. 11 , S 2DC r Ϸ 2 ϫ S 1DQ r for the whole temperature range, indicating that this degenerated 2D rotor can be separated into two identical and independent 1D motions. Although some agreement is observed at low temperatures, S 2DC w becomes increasingly lower than 2 ϫ S 1DQ w when rising the temperature, indicating that such a separation is less accurate for this particular motion. Similar conclusions are obviously drawn when we look at the corresponding partition functions in the inset of Fig. 11 .
Finally, we present on Fig. 12 three estimations of the total entropy resulting from these two internal rotations: ͑i͒ the sum of the two individual entropies under the HO model; ͑ii͒ the sum of the two individual entropies under the 1DQ model; and ͑iii͒ the average of the two 2DC entropies. We can see first that the independent 1DQ and the average of the two 2DC treatments give extremely close results with a maximum difference of Ϸ0.46 cal/mol/K at the highest investigated temperature ͑1400 K͒. We are not surprised to find a good agreement between these two models at low temperature since the separability assumption should hold. To our minds, there is no immediate answer about which of these two approaches provides the best estimate of the entropy, as they are based on distinct sets of assumptions. However, considering that the rocking motion is nearly harmonic-see its potential function ͑Fig. 7͒ and compare its 1DQ and HO entropies ͑Fig. 10͒ -it can probably be decoupled from the wagging, thus justifying a 1DQ treatment. Finally, we see on Fig. 12 that the entropy obtained within the HO approximation compares very well to the other one at low temperatures and departs substantially from them when the temperature increases. If this discrepancy at high temperatures is not really a surprise, the extremely good agreement at low tem- Fig. 10 we see that it is only due to a lucky compensation of errors, the HO approximation overestimating the rocking entropy and underestimating the wagging one by very similar amounts.
D. Rate constant
Combining now information gathered on the PES with the partition functions determined previously, we can determine the rate of the reaction within the formalism of the transition state theory. 43 We show on Fig. 13 the Arrhenius plots obtained with a full HO treatment of all vibrations and with a specific treatment of the internal rotations: ͑i͒ an uncoupled 1DQ treatment of the three internal rotations; ͑ii͒ the 1DQ treatment of the torsion and a 2DC treatment of the wagging motion ͑k 2DC w ͒; ͑iii͒ the 1DQ treatment of the torsion and a 2DC treatment of the rocking motion ͑k 2DC r ͒; and ͑iv͒ the arithmetic mean of the two 2DC rates ͑k 2DC wr ͒. As can be seen on this figure, the rate constants obtained with the full HO model are much higher ͑by a factor 10͒ than those obtained by the other models. Among the latter, k 2DC w and k 2DC r provide, respectively, the highest and lowest predictions. Because of the underlying assumptions used, they also, respectively, represent an upper and lower bound of the reaction rate. The 1DQ treatment of the three rotational motions provides an intermediate result, which is very close to the average k 2DC wr . As already said, the 1DQ model probably provides the best estimation of this reaction rate. Based on this result we recommend the Arrhenius parameters A = 2.47ϫ 10 13 cm 3 / mol/ s and E a = 26.4 kcal/ mol to render the kinetics of this reaction.
IV. DISCUSSION
In this paper we have presented several methods allowing for the characterization, in a simple frame, of one and 2D internal rotations. Based on general expressions for hindered rotations, we have proposed some extensions of the existing Hamiltonians in order to take into account a variable kinetic function. Doing so, we have extended the 1DHR and degenerated 2DHR procedures to uncoupled 1D and degenerated coupled 2D wagging and rocking rotations for any pivot point. These new methods are thus particularly suitable to study dissociation and/or atom transfer reactions. The variable kinetic functions are calculated using an efficient and simple numerical method in the rigid rotor approximation. It properly takes into account all the relevant parameters of the system: the geometry of the rotating fragments, the location of the pivot point, and the direction of rotation. More specifically, this variable kinetic function has been developed for a classical treatment of 1D hindered rotors ͑the 1DC model͒. In order to extend it to the cases of quantum 1D rotors ͑1DQ͒ and classical degenerated 2D rotors ͑2DC͒, we have then proposed the definition of an effective, temperature dependent, kinetic function, obtained from a MaxwellBoltzmann averaging of the real kinetic function.
As a case study, we have applied these methods to the transition state of the atom transfer reaction SiCl 3 + BCl 3 → SiCl 4 + BCl 2 . Comparing the different models-full HOs, uncoupled classical 1D internal rotations, uncoupled quantum 1D internal rotations, and coupled degenerated classical 2D internal rotations-we have concluded that ͑i͒ the harmonic approximation is insufficient to render the entropy of the system ͑leading to a ten times higher reaction rate͒; ͑ii͒ 1D quantum and classical treatments give almost equal results; ͑iii͒ the two wagging/rocking modes can be considered independent; and ͑iv͒ the use of an effective constant ͑re-quired for 1D quantum or 2D classical treatments͒ is an accurate solution. Finally, this paper provides a theoretical estimate of this reaction rate for the first time.
